to label circulating in the left heart chambers and in vessels downstream from the aortic valves, such as the coronary vessels, the thoracic aorta, etc. Conceivably, the use of a narrow or focusing collimator might facilitate the analysis of the left curve, making this curve similar to a common dye concentration curve. The counting rate obtained with these collimators, however, is greatly influenced by small variations in the geometric relationship between detector and source. Furthermore, the low efficiency of such detectors sharply reduces the counting rate, thereby affecting the statistical accuracy of the recorded curves. Thus, it appears desirable to use a fairly wide collimator and to devise a method for measuring the pulmonary transit time that takes into consideration the composite nature of the left precordial curve.
Several investigators have postulated that an estimate of the pulmonary mean transit time may be derived from precordial curves (6) (7) (8) (9) (10) . All the proposed methods, however, lead to a gross overestimation of the pulmonary mean transit time, since they include in it transit times through other circulatory sections. In previous work from this laboratory, an attempt was made to define the mean pulmonary circulation time by taking the mid-point of the interval between the appearance of the label in the left side of the heart and the peak counting rate of the left curve (11) . This empirical procedure yields values considerably smaller than those given by the preceding methods, but the estimate of the mean pulmonary circulation time may carry an uncertainty up to one-half of the intervals between the onset and the peak of the left curve.
The purpose of this paper is to describe a new method that will reduce the uncertainty by which the mean pulmonary transit time can be estimated from radiocardiograms. The validity and the lim- PATIENT WITHOUT HEART DISEASE. Cr(t) = counting rate; to = time of first ejection after injection; T = turnover time of right ventricle; PMTT = pulmonary mean transit time. Open circles represent the counting rate averaged over each heart cycle; solid circles represent the left curve after subtraction of the extrapolated right ventricular counting rate; small dots represent the counting rate at every 0.1 second; vertical marks at the top indicate the QRS cdmplex. its of this method will be evaluated on the basis of a theoretical reconstruction of the precordial curves. Values of pulmonary blood volume under several physiologic and pathologic conditions will be presented.
METHODS

Basic principle of the method
Assuming that each side of the heart behaves hemodynamically as a single mixing chamber, and neglecting for the moment the pulmonary circulation, we may represent the central circulation by two compartments of equal size perfused in series by the same flow (Figure 2 , left). If flow is considered to be continuous, the concentration in the left heart, LH, of an indicator injected instantaneously in'the right heart, RH, is described by the equation CLH (t) = CRH (0) (Qt/ V)e Qtlv, [1] where Q is the flow, V the volume of each chamber, and CRH (0) the concentration in RHat the moment of injection.
According to Equation 1 , CLH(t) reaches its peak when t = T = V/a, where T is the turnover time of each compartment.
In fact, the presence of the pulmonary circulation between RH and LH causes a delay and a change in contour of the concentration curve of the indicator in LH ( Figure   2 , right). It may be postulated that the displacement of the peak of CLH with respect to T is closely related to the pulmonary mean transit time, PMTT. The latter may be approximated by means of the expression PMTTz t -T, [2] where t, is the time at which CLH reaches the peak, and T is, by definition, the time when CRH is 37% of CRH(O). The pulmonary blood volume, PBV, is then obtained, in the usual way, as the product of the cardiac output and pulmonary mean transit time, PMTT.
Extension of the principle to radiocardiography
The application of Equation 2 to precordial curves involves four major assumptions that need some consideration.
The first assumption is that the right heart behaves hemodynamically as a single mixing chamber. When the injection of label is made into the right atrium close to the tricuspid valve or directly into the right ventricle, the mean transit time of the right heart may be equated to that of the right ventricle. If one assumes adequate mixing of tracer with circulating blood in the right ventricle, it is possible to derive, in a simple way, from the right curve of the radiocardiogram, the mean transit time of blood in the right ventricle.
The second assumption is that the left curve of the radiocardiogram is also due to a single mixing chamber. As already noted, however, it is practically impossible, by precordial counting, to isolate a single chamber of the left heart. In fact, even if vascular sections outside the heart cavities cannot appreciably influence the counting rate at the time of the peak of the left curve, the peak itself is always determined by the activity in the left atrium and left ventricle. It is, therefore, necessary to investigate the effect on t, of the composite nature of the left peak.
The third assumption, difficult to verify, is that the mixing volumes of the right and left heart are equal. Hence, variations in t, due to differences of these mixing volumes must be assessed. by the equation
where p (6) is the frequency function of the transit times between points 1 and 2. Equation 3 represents the convolution or superposition integral of Ci (I) and p (t). Equations of this type are widely used to describe transport functions in dynamic systems (12) (13) (14) . Arranging the order of the structures as illustrated in the lower frame of Figure 3 , and expressing C, (t) as a sum of exponential terms, Equation 3 becomes At z CP(t) = f 2 aje-KI(tO)p(O)dO. [4] The constant, Ki, is defined by the equation, K, = log. 1 -), [5] where SVis the stroke volume and Vi the maximal volume of the chamber. In the symmetrical solution for a series of chambers each with a different Ki, the constant a, takes the following form:
In Equations 6, C(0) represents the concentration of indicator in the first chamber at the moment of injection.
Reconstruction of "left-heart" activity curves. The calculations on the model have been performed with the purpose of constructing time-activity curves that may be compared with left-heart curves obtained in man under various conditions. To this end, in addition to the hemodynamic parameters considered in the previous section, it is necessary to introduce the counting efficiencies of the leftheart chambers. The counting efficiency given in terms of "effective volume," Wi, is [7] where k is a constant depending on the characteristics of the isotope and of the detecting equipment, jij is the average fraction of radiations emitted from any point within each chamber that reach the crystal, and Vs is the volume of each chamber (11) .
An estimate of Wj has been derived experimentally from a distribution of efficiency for a point source of 1131 in a water bath, on which has been superimposed an outline of the heart drawn from anatomic data (15 Letters refer to type of distribution of pulmonary transit times imposed: a = normal distribution: mean, 5 heart cycles; SD, 1 heart cycle. b = frequency function of the type eKL(tUta); 1/KL = 2 heart cycles; ta = 3 heart cycles. c = normal distribution: mean, 10 heart cycles; SD, 2 heart cycles. d = frequency function of the type e-KL(t-ta); 1/KL = 5 heart cycles; ta = 6 heart cycles. t, -TRV = calculated pulmonary mean transit time. A = difference between calculated and imposed pulmonary mean transit time.
See Reconstruction of "left-heart" activity curves, Methods section, for explanation of numbers in parentheses. Table I . This table also contains the values for stroke volume, chamber size, and distribution of pulmonary transit times used in constructing left-heart time-activity curves. Chamber sizes have been selected to cover the range reported in the literature, in normal and pathologic conditions (16) (17) (18) (19) (20) . Unfortunately, no data are presently available in the literature regarding the distribution of pulmonary transit times in man. Parrish, Hayden, Garrett, and Huff (21) have found in dogs that this distribution closely resembles the normal error curve in most instances, whereas Howard, Hamilton, and Dow (22) have obtained a skew curve, with the peak displaced to the left, in isolated perfused dog lungs. Since there is no basis for assuming a frequency function of pulmonary transit times with the peak displaced to the right, the normal distribution appears to be a limiting case in the sense that not more than one-half of the mass of the distribution may conceivably be located to the right of the mean value. Although the pulmonary circulation cannot be considered a mixing chamber, an exponential function of the type e-KL(t-ta), where KL is the rate constant of the pulmonary "mixing pool" and t. the transit time delay between the pulmonary artery and the left atrium, may be chosen to represent the limiting case with positive skewness for the frequency function of pulmonary transit times. Hence, the values of p(t) used for calculations have been derived from normal distributions and from exponential functions of the type above. The actual parameters of these frequency functions are given in Table I . They have been selected on the basis of the following data: the dispersion of the left-heart activity curves recorded by precordial counting (e.g., Figure 1 ), the values of t. observed in man with precordial counting (20) , and the values of PMTT obtained in man by combined catheterization of the right and left hearts (1) (2) (3) (4) .
The solution of Equation 4 has been approximated by a system of algebraic equations such as Figure 4 (triangles) as a function of the difference between the sum of the turnover times of the left chambers, TLA + TLV, and the turnover time of the "right ventricle," TRv. It can be seen that when TLA + TLV-TRV varies from -3 to +10 heart cycles, the difference between the imposed and the calculated transit times varies from -2.5 to +3 heart cycles, respectively. A similar plot of the error in t, -TRv for a two-chamber model, where TLH = TLA + TLV, is represented in Figure  4 by solid circles. There is little difference between the solid circles and triangles, indicating that the presence of two mixing chambers rather than one in the left side of the model does not materially affect the position of the peak.
For any combination of volumes, the variations of counting efficiency of the "left atrium" and "left ventricle," given in Table I depends on the form of the frequency function chosen to represent the pulmonary transit times. The dispersions of normal distributions "a" and "c" (Table I) illustrates that tp -TRv tends to overestimate PMTT in the case of normal distributions. With delayed exponentials of the type e-KL(t-ta) as frequency functions in a model consisting of two equal mixing chambers, tp -TRv yields an exact value of PMTT only when KL is equal to the rate constant of the chambers, K11. Good approximations of PMTT, however, are given by tp -TRv even when KL is widely divergent from KH; tp -TRv will tend to overestimate or underestimate PMTT, depending on whether KL is greater or smaller than KH.
Technique
The details of the technique for obtaining radiocardiograms have already been published (23) . Only some points of interest and a few modifications are described here. The tip of a cardiac catheter is placed either in the right atrium in front of the tricuspid valve, or in the inflow tract of the right ventricle. The catheter is filled with a solution containing about 80,Ac of radioiodinated (I'll) human serum albumin (RISA)2 and 10 U.S.P. U of heparin per ml. The latter is added to prevent clotting between successive injections. A semiautomatic syringe set to deliver 0.5 ml 2 Abbott Laboratories, North Chicago, Ill. and connected to a reservoir syringe is used for injecting. Injections are performed manually to coincide with the T wave of the electrocardiogram. The injection time is usually shorter than one heart cycle.
During the introduction of the catheter, the projection of the tricuspid valve is marked on the chest wall. The collimator is then located immediately to the left of the mark. This location is usually at the level of the fourth intercostal space between the midline and the left sternal border.
Blood samples are withdrawn and precordial counting rates recorded before and after each curve to determine the calibration factor necessary for the calculation of the cardiac output. Blood samples utilized to measure total blood volume are drawn at least 5 minutes after injection of RISA. The peripheral hematocrit is corrected for trapped plasma and then converted to body hematocrit according to Chaplin, Mollison, and Vetter (24) . In patients of this series who were given Tris,3 the technique was somewhat modified: the blood volume was deterimned from the dilution of both RISA and T-1824, injected and sampled independently, and an equilibration period of 10 to 20 minutes allowed for T-1824. Since in these cases the total blood volume calculated from T-1824 dilution did not differ by more than 10% from that determined by RISA, only the data calculated from the latter appear in Tables II through V. The recorded tracings are read every 0.1 second and corrected for rate-meter damping (25) . The corrected values are averaged for each heart cycle and plotted on semi- (Tables IV and IX) ; eight of The time from injection to the onset of the washout of these had chronic bronchitis and emphysema; the remainthe right ventricle, to, is added to the turnover time of the ing one had diffuse interstitial pulmonary fibrosis and a right ventricle, T, to give the mean injection time T' of right 7 rib thoracoplasty for tuberculosis (no. 1,184). One tracer into the pulmonary circulation. Therefore, the patient (no. 1,238) had evidence of right ventricular pulmonary blood volume is obtained as failure at the time of study, one had never been in failure PBV = SV(tp -T').
[10] (no. 1,352), whereas the remainder had all had previous evidence of right ventricular failure. Eleven determina-
In most instances, simultaneous determinations of cardiac tions were obtained in seven patients with various other output were made by RISA radiocardiography and the types of heart disease (Tables V and IX) .
direct Fick method. The latter has not been used for All measurements were made at rest, on recumbent pacalculating PBV except when the calibration factor for the tients in the postabsorptive state, with no premedication.
radiocardiogramn could not be secured. In five normal subjects, studies were repeated during a Patients period of mild leg exercise (Table VI) , and in four other Twenty determinations of PBV were made in 17 pa-normal patients, during and after infusion of sodium bitients with normal cardiovascular systems (Tables II and carbonate solution (Table VII) . Eight patients with * ASHD = arteriosclerotic heart disease, RHD = rheumatic heart disease, HCVD = hypertensive cardiovascular disease, EH = enlarged heart, MS = mitral stenosis, AS = aortic stenosis, AF = atrial fibrillation, At. flutter = atrial flutter, NSR = normal sinus rhythm, CHF = congestive heart failure, and LVF = left ventricular failure. chronic bronchitis and emphysema, with and without cor pulmonale, were studied during an infusion of Tris (Table  VIII) .
RESULTS
The results obtained at rest in cardiovascular normal subjects, in patients with chronic bronchitis and emphysema, and in patients with cor pulmonale are listed in Tables II, III, In the normal group, a significant positive correlation has been found between PBV and BSA, total blood volume, cardiac output, and stroke volume ( Figure 5 ). The Table II. stroke volume. All these correlations are highly significant (p < 0.001).
The relationship between PBV and stroke volume in patients with emphysema, cor pulmonale, and various types of heart disease is presented in Figure 6 . A correlation of PBV with stroke volume is observed in the series of 23 patients with emphysema, cor pulmonale, and various other forms of heart disease. The significance of the correlation, however, is reduced (r = 0.554, 0.01 > p > 0.001), and the relationship between PBV and stroke volume is different from that observed in normal subjects. Only in 5 of the 23 patients does this relationship fall within 1 SD of the regression line for normal subjects. In these patients, as well as in normal subjects, the correlation between PBV and stroke volume is significant to a higher degree than that between PBV and cardiac output (r = 0.498, 0.02 > p > 0.01).
In spite of the differences in PBV between normal subjects and patients with emphysema or cor pulmonale, the ratio of PBV to total blood volume remains remarkably constant in these three groups, being 10.0 + 1.3% in cardiovascular normal subjects, 10.3 + 1.5%o in patients with chronic bronchitis and emphysema, and 10.1 + 1.6%o in patients with cor pulmonale. In patients with other forms of heart disease, this ratio is variable and in this study attained a maximum of 15.7%o. 
DISCUSSION
The method. The conditions required for all applications of the dilution principle to the measurement of volume of blood circulating through a vascular section are: that complete mixing between indicator and blood be achieved at the ehtrance to the section; that the system be in a steady state; and that the entrance and the exit of the section be accessible to injection or sampling.
When an indicator is injected directly into the pulmonary artery, the extent of mixing between indicator and blood cannot be ascertained, and the assumption that the circulation time of the tracer is representative of the circulation time of the blood has to be made. There is evidence that the interposition of the right ventricle between the point of injection and the pulmonary circulation assures satisfactory mixing between the indicator and circulating blood, since it is possible to measure right ventricular output by sampling in the pulmonary artery after single injection or constant infusion of indicator in the right atrium (26, 27) . Further evidence is provided by experiments in dogs that show a uniform distribution of microspheres per gram of lung tissue after their injection into the jugular vein (28) .
Since blood flow is intermittent, thus causing periodic variations in the volume of blood present in the pulmonary circulation, the requirements that the rate of flow and the volume of the section remain constant are not strictly met. In principle, the volume determined by multiplying the stroke volume by the mean circulation time is close to, but does not necessarily coincide with, the arithmetic mean of the maximal and minimal PBV.
With the present method, determination of PBV in changing-states is valid only if during the time of inscription of the entire curve no significant variations occur in any of the hemodynamic characteristics of the system. In other words, the rate of change of the parameters of the system must be much lower than the rate at which the two sides of the heart empty and the rate at which the pulmonary circulation transfers the indicator. Significant hemodynamic variations in the central circulation taking place in a few seconds cannot be followed by this technique.
The anatomic limits, and therefore, the physiologic meaning of the volume of blood measured by the method described, may not be exactly the same in different hemodynamic situations. While the limit of the measured volume with regard to the right heart is defined by the pulmonary valve, the limit with regard to the left heart is somewhat illdefined because of the complex origins of the left peak. This limit usually lies somewhere in the left atrium.
The assumption that the left atrium is a mixing chamber and disperses indicator in a manner similar to that of the ventricle demands some discussion. Incomplete mixing in the left atrium would reduce the dilution of label, and the peak of the left curve would occur earlier than expected on the basis of the volume of the chamber. If the left atrium does not behave like a ventricle, since for a period of the heart cycle, blood flows into and out of the chamber at the same time, the dilution of label will be greater than that occurring in a ventricle with the same maximal volume. It is practically impossible to assess the extent to which these opposite effects influence the dilution of label, but errors stemming from them should tend to cancel each other.
Results of the model analysis indicate that only small over-or underestimations of PBV arise from dispersions of pulmonary transit times that are compatible with recorded curves. Overestimation of the pulmonary mean transit time may be due to the sumI of the turnover times of the leftheart chambers being usually greater than the turnover time of the right ventricle. The (11) have proposed an approximate method to derive PBV from radiocardiograms. It is difficult to define the limits of the volume measured by the method proposed by Donato and associates (11) , but the same range of values was found in normal subjects as in the present series (20) .
The value of 28%o for the ratio of PBV to the total blood volume reported by Lammerant (6) is exceedingly high in comparison with the value of 10% found in this study. Moir and Gott (29) , applying a method identical in principle to that of Lammerant, obtained an average value of 610 ml per m2 for PBV. These high values are probably related to the inclusion in the mean transit time of the left curve of the circulation time through the left chambers together with the circulation times of all vascular sections between the left chambers and the point of injection.
Love, O'Meallie, and Burch (9) found that they could measure the "pulmonary blood volume" in a model of the central circulation if they subtracted the volume of one-half of the heart from the volume calculated according to Lammerant. Applying similar considerations to the data presented here, namely by subtracting twice the circulation time of the right curve from that of the left curve, we obtained values for PBV that are in the same range as those presented in Table II , but with a wider scatter about the mean. There is no readily apparent explanation for the higher values (average, 490 ml per m2e) reported by Love and coworkers. In pathologic conditions, in which the two sides of the heart may differ significantly in size, the method above of deriving PMTT introduces into the calculation of PBV an error equal to the difference between the volumes of the RH and LH chambers.
Hakkila and Pietilk (8) and Eich, Chaffee, and Chodos (10) found values for the peak-to-peak time similar to those reported by Shipley, Clark, Liebowitz, and Krohmer (30) , which are approximately 30%v higher than the PMTT of 4.6 seconds found in the present series. As Eich and associates point out, the volume measured on the basis of the peak-to-peak time includes blood contained in both sides of the heart. If the indicator is injected close to the heart, the difference between the peak-to-peak time and tp -TRV corresponds to the turnover time of the right ventricle, which is 1.4 seconds on the average in the normal subjects of the present series.
Lagerlof. Werko, Bucht, and Holmgren attempted to calculate the PBV by subtracting the volume of blood in the left heart and the proximal arterial segments from the central blood volume measured by injecting dye into the pulmonary artery and sampling from the brachial artery (31) . The volumes of the left heart and of the arterial tree were independently estimated on the basis of radiographic measurements of the total volume of the heart and of the cross-sectional area of the aorta. In seven normal subjects, they found a mean value of 19.5% for the ratio of PBV to total blood volume. This figure is twice the mean value given in Table II . The main reason for the discrepancy probably lies in the estimated volumes of blood in the left heart and arterial tree, which were indirectly evaluated. Furthermore, the extrapolation on semilogarithmic paper of a peripherally drawn curve represents a potential source of error, since the apparently linear downslope may not in fact be a simple exponential. Parrish and associates (21) have found in dogs a significant difference between PMTT calculated by applying the Hamilton method to curves-drawn from the pulmonary veins, and the PMTT obtained using a sequential analysis that avoids extrapolation of the curves. It is relevant to observe here that an error in the extrapolation of a curve affects calculations of mean transit time more than those of cardiac output.
The values of PBV observed in patients with cardiopulmonary disease in this series cannot be compared waith those obtained by Fujimoto, Kunieda, and Shiba (1), Milnor, Jose, and McGaff (2) , and Dock and co-workers (3) because these authors studied patients with a different type of pathologic lesion. The values of 221 to 540 ml found in this series for PBV: BSA, however, are in the same range reported by the authors above.
In patients with emphysema or cor pulmonale or both, the ratio of PBV to total blood volume is in the normal range, implying a normal distribution of blood between the systemic and pulmonary circulations, whereas in patients with heart disease other than cor pulmonale, this ratio may be elevated. In patients with cardiopulmonary disease of this series, the ratio of PBV to total blood volume, which ranged between 7% and 167%, is considerably lower than the mean of 28% reported by Lammerant in normal subjects (6) , and lower than the range of 11.3% to 40.1% reported by Lagerldf, Werkd, Bucht, and Holmgren (31) for their patients with hypertensive cardiovascular disease or pulmonary disease.
Relationship of pulmonary blood volume to stroke volume. Milnor and associates (2) The concept advanced by some authors (2, 32) , that the pulmonary or central blood volume exerts an important influence on the cardiac output, is not borne out by the exercise studies, which show that the cardiac output may rise considerably without significant increase in PBV.
SUM MARY
A method for obtaining pulmonary blood volume (PBV) from a double-peaked radiocardiogram is presented. The pulmonary mean transit time is estimated as the interval from the mean time of ejection of label from the right ventricle to the peak time of counting rate resulting from label in the left heart chambers.
The validity of the determination of the pulmonary mean transit time was analyzed with the aid of an electronic digital computer on a theoretical model of the central circulation, under varying conditions of flow, volume of the mixing chambers, counting efficiency of the detector, and distribution selected to represent the frequency function of the pulmonary transit times.
Analysis of the mathematical model has shown the degree to which the pulmonary mean transit time, as determined, is affected by variations in the volume of the heart chambers, in the counting efficiency, and in the distribution of the pulmonary transit times.
The mean PBV in 17 patients without cardiovascular disease was found to be 293 ml per m2 body surface area. This value represents 10% of the total blood volume. A significant correlation was found between PBV and stroke volume, and to a lesser degree with cardiac output.
The ratio of PBV to total blood volume in patients with chronic bronchitis and emphysema, with or without cor pulmonale. was found to be the same as in the patients without heart disease.
In patients with other forms of heart disease, 
